Abstract
INTRODUCTION
Functional traits represent the adaptation strategies of plants to the external environment. Plant functional traits change along environmental gradients, and plants adapt to the local environment by developing corresponding characteristics, with different traits appearing at different latitudes, resulting in the geographical pattern of plant traits (Reichstein et al. 2014; Violle et al. 2014) . The variation in the occurrence of traits along environment gradients may reflect changes in climatic factors, and knowledge of the relationship between climate and traits can improve the ability to predict changes in the vegetation distribution in response to future climate changes (Chave et al. 2009; Moles et al. 2007 Moles et al. , 2009 Reich et al. 2004) . These relationships are also critical for the definition of plant functional types for large-scale mapping using remotely sensed data (Hansen et al. 2003) and for global modeling (Bondeau et al. 2007 ).
There have been many studies on the variation of leaf structure traits along environmental gradients conducted at a large scale around the world. For example, the study of geographic distribution of vegetation types on the basis of plant function and its relationship with the abiotic environment in North America (Swenson and Weiser 2010) , and climate controls the leaf dry mass per area, density, and thickness in trees and shrubs on a global scale (Ninemets 2001) . Additionally, Vilà-Cabrera et al. (2015) studied the functional trait variation along environment gradients in temperate and Mediterranean trees. There has been the description of the statistical characteristics of leaf structure characters at global scale. For example, Hodgson et al. (2011) studied the relationship between the leaf dry mass content (LDMC) and soil fertility and provided the descriptive statistics of four-leaf traits based on almost 2000 species. Studies on functional traits in China have been conducted for many years, but most of these studies were concentrated at a small scale (Bu et al. 2013; Liu et al. 2006; Qi et al. 2009; Shi et al. 2012) ; fewer large-scale studies have been conducted. For example, He et al. (2006) assessed the influence of climate, soil fertility and species identity on leaf trait relationships in Inner Mongolia grasslands, and Wang et al. (2016) analyzed comprehensive data on the geographic patterns of leaf morphological traits along a transect of Chinese eastern forest. However, these studies focused only on trees and herbs. There have been fewer studies focused on the life form of shrubs. Although Liu et al. (2012) assessed the relative effect of different factors on leaf traits in shrub biomes across central Inner Mongolia, research on the leaf trait patterns of shrub species along Chinese eastern forest transects has never been performed.
In contrast to the physiological and chemical traits of leaves, leaf thickness (LT), leaf area (LA), specific leaf area (SLA) and LDMC are morphological indices that can be easily determined to indicate the resource strategies and adaptive characteristics of a plant in relation to its environment (Vendramini et al. 2002) . As one plant adaptive characteristic, LT costs more for thicker leaf construction. Moreover, LT is a good indicator of the leaf mass per area (LMA) in certain types of plants (Griffith et al. 2016) . LA varies greatly in different habitats, and even at different position within a plant, and changes in LA are related to the light capture and carbon assimilation abilities of the plant (Milla and Reich 2007) . SLA is the ratio of LA to leaf mass and represents the amount of light capture area per unit of dry mass. Thus, SLA is directly related to light capture efficiency and can reflect the carbon assimilation strategy of a plant, which has an important influence on the relative growth rate (Milla and Reich 2007; Wright et al. 2002 Wright et al. , 2004 Yang et al. 2012) . LDMC is an indicator of plant ecological behavior and can be expressed as the ratio of the leaf dry mass to total mass; it is increasingly used as an indicator of the trade-off between metabolic and structural tissues in plants (Wilson et al. 1999) .
The transect along the eastern region of China includes almost all forest types that occur in the Northern Hemisphere (Zhang and Yang 1995) . Many large-scale studies on the ecological and evolutionary responses of plants to environmental changes have been conducted in this region (Chen et al. 2013; Wang et al. 2016) . The shrub species in this region vary, and this transect, therefore, provides an ideal set of experimental plots to explore the relationship between the functional traits of shrubs and the environment. In this study, we investigated four morphological traits of common shrub species from 13 sites along the eastern China transect. The shrub species were classified into evergreen and deciduous shrubs according to their life form, and the investigated habitats were classified into understory and typical shrubs. We attempted to address the following three questions in the current study: (i) How do the leaf morphological traits of shrub species vary with latitude in eastern China? (ii) Do leaf morphological traits vary between different shrub plant types? And (iii) What are the driving factors that control the morphological trait variations of plant leaves?
MATERIALS AND METHODS

Study site
This study was conducted at 13 sites in eastern China along with a latitude gradient spanning 32 degrees, from 18.2°N to 50.6°N, while the longitude varied from 111.9°E to 127.4°E (Fig. 1) . The mean annual temperature (MAT) ranged from -5.2 to 21.7°C, and the annual precipitation (AP) ranged from 470 to 1970 mm. From the north to the south, the vegetation types change from boreal coniferous forest to temperate deciduous forest, subtropical evergreen forest and tropical seasonal rainforest. Large variations in soil nutrient levels were observed, and the soil types varied from brown soils at high latitudes, with a high organic content, to tropical red soils at low latitudes, with low organic content (Table 1) .
Sampling and measurement
Collection of leaf and soil samples
In this study, leaf traits were recorded and measured during the growing season (July-August) from 2013 to 2015. In total, we sampled 185 shrub species belonging to 105 genera and 43 families; because some of the shrub species were repeatedly investigated at different sites, 272 shrub populations were investigated in total (Table 2) . Leaf samples were collected according to a protocol developed by Cornelissen et al. (2003) . We chose dominant or common species at each site and then collected the fully expanded sun leaves (approximately 10-20) from five individual plants of each species; we collected the leaf samples from each species where the distribution of the species was concentrated, without using quadrats. The collected leaves were immediately placed in zipper-lock bags, and LA and LT were measured on the same day. At each site, five soil samples from depths of 0-20 cm were randomly collected where the plant species were sampled.
Indoor determination of leaf traits and soil elements and acquisition of climatic data
Five to ten leaves were selected from one individual, and a micrometer was used to measure total LT. The individual LT value was obtained by averaging the total LT values. After scanning the leaves with an imaging device (CanoScan LiDE 110, Canon Inc., Vietnam), ImageJ software was used to calculate LA. The freshly weighed leaves were then oven dried at 65°C for 48 h and weighed to calculate LDMC and SLA.
The soil samples were air dried and sieved through a 2 mm mesh, and plant detritus was then removed manually. The soil samples were next ground and sieved through a 100 mm mesh. Total carbon (C) and total nitrogen (N) concentrations were measured using an elemental analyzer (2400 II CHNS/O Elemental Analyzer, Perkin-Elmer, USA). The total phosphorus (P) concentration was measured via the molybdate/ascorbic acid method (John 1970) . Because the soil samples were required for additional analyses, three out of five soil samples were randomly selected to measure soil total C, N and P concentrations. Meteorological data were obtained from the Chinese Academy of Sciences Resource and Environmental Science Data Center (http://www.resdc.cn/), and a Digital Elevation Model (DEM) correction was applied to the Chinese meteorological background data. The mean MAT and AP values between 1980 and 2015 were extracted from meteorological data using the latitude and longitude of the surveyed points.
Data analysis
All data in this paper were basically analyzed at species × site level, except for the relationship between leaf functional traits and latitude, which was analyzed at the site level. The leaf trait data were log10 transformed because they showed a right-skewed distribution. All surveyed shrub species were classified into deciduous and evergreen shrubs according to their life forms and as understory or typical shrubs according to their habitat. The normality and heterogeneity analysis was performed for original data (see online supplementary Tables S1 and S2), then one-way analysis of variance (ANOVA) and least significant difference multiple comparisons were used to analyze the differences in leaf traits among the different plant types. Linear regression was employed to investigate the variation of leaf traits along the latitudinal gradient, and the relationships between the four-leaf traits and environmental or soil factors were then analyzed. Moran's Test (Anselin 1995) was performed to detect the spatial independence of these traits among different shrub plant types, general linear mixed models (GLMM) were used to quantitatively assess the spatial variability of the leaf attributes of the different shrub life forms (e.g., evergreen and deciduous) and different habitats (e.g., understory and typical) as well as climate and soil factors. First, we employed the lme function in the nlme package (R version 3.3.1); we treated the growth form and environmental variables as fixed effects and the sites as a random effect, and because all climate and soil variables are highly correlated with each other (see online supplementary material Tables S3 and S4), only one of the climate and soil variables was included in each main model. The environmental factors with significant effects on leaf traits and interaction terms between plant types and environmental factors were included in the final GLMM (Chen et al. 2013) . Besides, a spatial autoregressive (SAR) model was also performed to compare the GLMM versus the spatial regression model, ΔAIC between the GLMM and SAR models was given under different shrub plant types (see online supplementary Table   S5 ). Because the results generated from the two models were quite similar, we only present the GLMM's result in the main text. Finally, since the plant types influence the results of the regression model, we fitted the GLMM model separately for the four different shrub plant types (see online supplementary Tables S6-S9), the Akaike Information Criterion (AIC) and R 2 values of the GLMMs using different plant types or total shrub species databases were given in online supplementary Table S10 . Most of the environmental factors did not show a significant influence on leaf traits in these regression models, which was consistent with the GLMM which put all the data together; thus, we present the latter model only in the main text. Statistical analyses were performed using R 3.3.1.
RESULTS
Profile of leaf traits
For all data collected at the species × site level, the means (±standard error) of LT, LA, SLA and LDMC were 
Comparison of leaf traits between different life forms of shrubs
There were 197 deciduous shrub populations and 75 evergreen shrub populations in the different life forms investigated and 154 understory shrub populations and 118 typical shrub populations according to habitats (Table 3) . ANOVA showed significant differences in the four-leaf traits between the different plant types. The LT and LA of the evergreen shrubs were significantly larger than those of the deciduous shrubs, whereas the SLA and LDMC of the evergreen shrubs were significantly smaller than those of the deciduous shrubs. The LT did not show significant differences between the shrub species from different habitats. The LA and SLA of the understory shrubs were significantly larger than those of the typical shrubs, whereas the LDMC of the understory shrubs was significantly smaller than that of the typical shrubs (Fig. 2) .
Changes in leaf traits along environmental gradients
At the site level, LT and LA were significantly negatively correlated with latitude (p < 0.01 and p = 0.02; r 2 = 0.53 and 0.42); LDMC was significantly positively correlated with latitude (p = 0.048, r 2 = 0.31); and SLA did not show a significant trend (Fig. 3) . The highest LT value was recorded at the Luya Mountain site, where the average altitude was over 1600 m, and AP was low. LA exhibited the highest change rate against latitude, showing a 0.96-unit change per degree of latitude, while LT and LDMC presented almost the same change rate against latitude in the opposite direction. At the species × site level, both LT and LA increased with an increasing MAT and AP and decreased with increasing soil C and soil P concentrations. In addition, LT decreased with an increasing soil N concentration, while LA showed no significant correlation with soil N. SLA decreased with increases in AP and soil C, N and P, but showed no significant correlation with MAT; LDMC decreased with an increasing MAT and AP, but showed no significant correlations with soil factors (Fig. 4) .
Effects of shrub species and environmental factors on leaf traits
Mogan's test showed that all the four-leaf functional traits indicated significant spatial correlations except LT under evergreen and understory databases (Table 4 ). In general, the GLM results showed that the life form and habitat could explain 5.50%-10.48% of the variation among the four-leaf traits, and environmental factors could explain 11.30% of the variation in LA (Table 5) .
The life form and site explained 5.5% and 10.35% of variation in LT, whereas none of habitat, climate and soil factors had a significant influence on LT variation. Regarding the variation of LA, the habitat, mean annual precipitation (MAP), MAT, soil P and site explained 8.33%, 0.15%, 8.10%, 0.38% and 13.41% of the observed variation, respectively, while the interaction effects of MAP with habitat and soil P explained 1.28% and 2.67% of the variation in LA, respectively, and life form, soil C and soil N had no significant influence on the variation of LA. For the variation of SLA, the habitat, life form and site explained 3.42%, 7.06% and 8.54% of the observed variation, respectively, whereas none of climate and soil factors had a significant influence on the variation of SLA. For the variation of LDMC, the habitat and site explained 5.86% and 15.16% of the observed variation, respectively, while the life form and other environmental factors had no significant influence on the variation of LDMC.
DISCUSSION
This study systematically investigated the morphological traits of 185 shrub species at 13 sites across eastern China and documented the biogeographic patterns of LT, LA, SLA and LDMC. Our results for the four-leaf functional traits fell within the ranges reported in a global database (reported data ranges: LT, 0.03~7.5 mm; LA, 1~946 070 mm 2 ; SLA, 2.3~122.8 mm ) (Wang et al. 2016) , indicating that our study could provide a good supplement to research on leaf functional traits at a large scale.
Differences in leaf morphological traits between different plant types
A previous study showed that LDMC was higher in evergreen plants than deciduous plants, but no significant difference in LA was found between these two life forms (Wang et al. 2016) . However, in the present study, the evergreen shrubs exhibited a lower LDMC and larger LA than the deciduous shrubs, and this difference in our results may be explained by the different species investigated in the two studies. In our research, typical shrub species accounted for 55% of the deciduous shrubs, although the proportion of evergreen shrubs was just 17% (Table 3 ). The environment of the typical shrub species exhibited a lower soil water content and extremely high intensity of illumination, especially in the growth season, compared with that of the understory shrubs, and higher LDMC values could improve water use efficiency and reduce water loss (Picotte et al. 2007) . Differences in LA influence water and energy budgets as well as conduction efficiency at the leaf margin. For understory shrub species, large leaves can adapt to shading and wet environments to maximize photosynthetic yield (Givnish 1978) . However, a small LA in typical shrub species can allow better adaptation to drier and hotter environments because of a higher heat exchange capacity (Ackerly et al. 2002; McDonald et al. 2003) . Furthermore, no significant differences in LT were observed between the understory and typical shrubs, and a lower LA and higher LDMC may therefore help typical shrub species adapt to drier and infertile environments. In many studies, SLA has shown a positive relationship with metabolic rates (Antúnez et al. 2001; Hikosaka and Shigeno 2009; Niinemets et al. 2007; Villar et al. 2006) ; thus, the differences in SLA indicate a discrepancy in metabolic rates between the different plant types.
Latitude-dependent pattern of leaf morphological traits
LT and LA showed a decreasing trend as the latitude increased, indicating that the leaves of the shrub species became larger and thicker under good hydrothermal conditions. Conversely, shrub leaves became smaller and thinner under poor hydrothermal conditions, and these differences were related to the shift in plant life form along the latitude gradient. Ninetythree percent of the evergreen shrub species were distributed at lower latitudes, and 93% of the deciduous species were distributed at higher latitudes. Most evergreen shrubs exhibit long leaf lifespans and low leaf metabolic rates; according to leaf cost/benefit theory, a long leaf lifespan and a low metabolic rate are necessary to compensate for leaf structural costs (Coley 1988; Kikuzawa 1991 Kikuzawa , 1995 Schulze et al. 1994) . Therefore, evergreen shrub species could produce larger and thicker leaves to match their growth strategy. In addition, a previous study showed that SLA presents an increasing trend along latitude gradients (Chen 2011, unpublished) . However, a significant trend in SLA was not observed in this study, which may have been due to the low SLA observed at the middle-latitude sites with high elevation, as SLA always decreases as the altitude increases (Luo et al. 2005 (Luo et al. , 2009 Milla et al. 2009 ).
Our results for LDMC along the latitude gradient were inconsistent with those of Wang et al. (2016) and indicated a positive relationship between LDMC and latitude, which may be explained by the high ratio of typical shrubs at high latitudes. Such high LDMC values could reduce leaf effective water loss and protect the leaves from sun exposure under the high light intensity at these sites (Niinemets et al. 2007 ).
Contribution of plant type and environmental factors to leaf morphological traits
The GLMs showed that the main factor influencing the spatial variation of LT, SLA and LDMC was the shift in plant type and indicated that climate and soil nutrient availability did not have a significant effect on these parameters. This result indicates that spatial variations in the leaf morphological traits studied here are determined more by genetics than by the external environment (Ordonez et al. 2009 ); this finding is consistent with the results obtained at regional (He et al. 2010; Liu et al. 2012) and global scales , where shifts in plant type were shown to account for more leaf variation than climatic factors. The proportion of the variation in LA explained by MAT was nearly the same as that explained by habitat (8.10% to 8.33%), which may have been related to the variability of LA under different temperatures. The larger LA of understory shrub species could maximize the photosynthetic yield under lower temperature, and the smaller LA of typical shrub species could decrease leaf water loss and increase heat exchange ability (McDonald et al. 2003) . The habitat had a strong influence Habitat: understory or typical shrubs; life form: evergreen or deciduous shrub. on LA and LDMC; thus, we hypothesized that the typical shrub species adapted to drier and infertile conditions by decreasing their LA and increasing their LDMC.
Important findings and application to large-scale functional trait research
Research on the geographical patterns of plant traits can increase the understanding of the relationship between leaf functional traits and ecosystem functions on a large scale. The leaf functional traits of common shrubs in east China exhibit a good relationship with climatic factors, showing that shrub functional traits are a good predictor of climate change along the investigated latitude gradients. Furthermore, our findings increase our understanding of environmental adaptation strategies according to the life form of shrubs. In addition, there has been no previous study examining the leaf properties of shrubs of this life form at a large scale, and our research makes a good contribution toward filling this void. The leaf traits of common shrub species in eastern China show a decreasing tendency of LT and LA with increasing latitude. This finding indicates that shrub leaves are larger and thicker at lower latitudes, which is related to the longer growing seasons and poor soils at lower latitudes; therefore, plant metabolic rates are lower, and more nutrients are stored in leaf structure tissues. These findings are consistent with previous studies (Wang et al. 2016) . The elevation at our survey sites varied greatly, being higher in mid-latitudes, and SLA is larger at higher latitudes (Hultine et al. 2000; Wright et al. 2002) , which may be the reason for the insignificant trend of SLA along latitude. Therefore, altitude is one of the most important factors to consider in large-scale selection and investigation. The leaf dry matter content, LA and SLA were found to be significantly different between the typical and understory shrub species in the present study, showing that habitat has an important influence on leaf traits in large-scale studies. Additionally, the SLA of understory shrubs was significantly larger than that of the typical shrub species, which indicates that the shrub species exhibit lower metabolic rate in the arid environment. This situation has resulted in more difficulties and challenges for longterm research on shrubland ecosystem carbon cycles (Zhang et al. 2017a) ; however, for the less focused shrubland ecosystem carbon and nitrogen cycle research, it also gives rise to a new research field and platform for young ecologists (Yang et al. 2014; Zhang et al. 2017b) . The LA of understory shrubs was larger than that of typical shrub species, while their LDMC was smaller. We believe that the difference between these two leaf structural traits is one of the important adaptation strategies for the different shrub species in these two types of habitat. However, the differences in leaf traits between understory shrub species and typical shrub species had never previously been explored at a large scale. Thus, the present study increases the understanding of the ecological adaptation strategy of shrubs living in arid areas. However, we only compared the structural characteristics of shrub leaves, and research on the physiological metabolism of shrub leaves may reveal the adaptation strategies of shrubs under different environmental conditions.
CONCLUSION
LT and LA presented a negative correlation with latitude, which showed that the shrub species at lower latitudes exhibit thicker and lager leaves than higher-latitude shrub species; thus, the shrub species at lower latitudes put more energy into the storage and defense structures of the blades to accommodate longer growing seasons and poor soil conditions, while the opposite situation is observed for shrub species at higher latitudes. The LA of understory shrubs was larger than that of typical shrub species, whereas LDMC was lower, indicating that these different trait characteristics of typical shrub species relative to understory shrub species represent an important adaptation strategy for arid shrubland environments. Our study not only contributes to a deeper understanding of the ecological strategies of shrubs in arid environments but also provides a scientific basis for successfully planting shrub species in arid areas.
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